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Fig.1 Equipment of experimental

1—ultrasonic generator, 2—thermostat controller, 3—ultra-
sonic transducer, 4—reactor, 5—thermostatic waterbath,

6—elevator-platform, 7—soundproof box
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Table 1 The experimental factor and level design table for
RSM
factor
level
A B c D
-1 10 5 2 130
0 20 10 4 192
1 30 15 6 254

Note: A is the Fe® dosage, g - L™'; B is the GAC dosage, g - L™'; Cis the in-

itial pH; D is the ultrasonic power, W.
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Table 2

response surface test group

Experiment design and experimental results of

coded variable NB removal
A B C D efficiency Y/%

1 0 1 0 1 89.39

2 1 1 0 0 96.34

3 1 0 0 -1 84.93

4 0 -1 1 0 80.13

5 0 -1 -1 0 88.33

6 0 0 0 0 94.49

7 0 =1 0 -1 80.76

8 0 0 -1 -1 97.73

9 -1 0 1 0 66.41
10 0 0 0 0 93.96
11 -1 0 0 -1 72.01
12 -1 -1 0 0 74.65
13 0 1 -1 0 96.11
14 1 -1 0 0 92.52
15 0 0 0 0 91.22
16 0 0 0 0 93.00
17 0 0 -1 1 95.16
18 1 0 1 0 92.15
19 1 0 0 1 95.11
20 -1 0 0 1 74.69
21 -1 1 0 0 75.33
22 0 1 1 0 83.67
23 0 0 0 0 92.82
24 0 1 0 -1 79.45
25 -1 0 -1 0 91.44
26 0 0 1 -1 74.57
27 0 -1 0 1 83.43
28 0 0 1 1 87.24
29 1 0 -1 0 95.42
®3 EM
Table 3  Analysis of variance
source SS DF MS F value P value significance
model 211143 14 150.82 327 <0.0001 ® %
A 865.79 1  865.79 187.71 <0.0001 e
B 3489 1 3489  7.56 00156 =
C 533.69 1 533.69 115.71 <0.0001 * %
D 105.48 1 10548 2287 0.0003 ® &
AB 247 1 247 0.53 0.4767 insignificant
AC 118.58 1 11858 2571 0.0002 ® %
AD 1404 1 1404  3.04 0.1029 insignificant
BC 4.51 1 4.51 0.98 0.3394 insignificant
BD 1324 1 1324 287 0.1124  insignificant
CD 58.12 1 58.12 126 0.0032 ® %
A? 19373 119373 42 <0.0001 -
B 12134 1 12134 2631 0.0002
c 4.08 1 4.08 0.88 0.363 insignificant
D? 16408 1 16408 3557  <0.0001 -
Residual 64.57 14 4.61
Lack of fit 5831 10 5.83 3.72 0.1085 insignificant
Pure error 6.26 4 1.57
Cor total 2176 28

Note: It is significant when P=0.05, indicated with =« ; It is highly significant
when P=0.01, indicated with * = and it is no significant when P>0.05,

SS is sum of squares; DF is degree of freedom; MS is mean square.
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Fig.2 Comparison of the measured values and the predicted

ones for removal efficiency of NB
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Fig.3 Effect of Fe’ dosage and GAC dosage on the removal
efficiency of NB
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Fig.4 Effect of Fe” dosage and initial pH of wastewater on the
removal efficiency of NB
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Fig.6 Effect of GAC dosage and initial pH of wastewater on
the removal efficiency of NB
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Fig.9 Change in the removal efficiency of NB with time

(1) FE B PR 2R S 00 S Ay L=, SR FH o) 1 17 96 ST T
US/Fe”/GAC 35 % il 525 bR 3R WU (1 T. 2 3 80802
B,
Y=53.44+1.21A+2.79B-12.03C+0.31D+0.27 AC+

0.031CD-0.055A%-0.17B*-0.0013 D’

T3 2253 W 4 R R W IZ AR AL G TR B 0

(2) 92507 25 1 N Z X US/Fe”/ GAC vk [ i g 3%
RBOCRI MR KNy Fe F i ~ K1 iR pH >
M I >GAC Fl &, H Fe" Fl & 5K Kk #4h pH =
], LA KR KB i pH 5 88 75 Ty 8 22 1] 22 AR HT W o

(3) 2R FH WA 7 10 36 75 B0 Y Be e T 20 4k R - Fel 5
#20.7 g - L7, GAC #| & 13.19 g - L', ¥ 4h pH
2.08, 75 D) 175.96 W, fiif H % 2 R 2 950 00y
98.50% , TEULIRAESAMET 40 50 56 I 75 fiF 4% 25 i o
N 97.27%, GHMAEAE 2 1.23% (<2%) . K iz —
B A AT P /B e 1 P, e o e i R R Y 28 2%
1 U Ab B 2R 2 B 32 Y T B A R G P SR

2% 30k
(V] ZERME, SRS, AR e i AR A 28l I3 K 9 F 5 i
KRR, TolkZk4bBE, 2009, 29(10); 9-13.
LI Tian-peng, JING Guo-hua, ZHOU Zuo-ming. Research on mi-

cro-electrolysis technology and its application to industrial

St

www.energetic-materials.org.cn



T A D37 THT 325 1) A 75 5 A R B R P A A B R 8K T AL AT 5

183

[2

[

[3

[

—
N
i

—
(S
[

—
o)}
[}

—
~
[

—
[e2)
—

—
©
[

[10]

[11]

wastewater treatment[ ) ]. Industrial Water Treatment, 2009, 29
(10): 9-13.

EREE, w0t WRME, 5. Bl i B R b 2 R A Tl 5 K iy
Wik R[)]. (L T34, 2016, 36(5): 477-481.

WANG Cai-qgin, GAO Xin-yi, CHEN Hui, et al. Reserach ad-
vance in treatment of refractory industrial wastewater by micro-e-
lectrolysis process[ ) ]. Environmental Protection of Chemical In-
dustry, 2016, 36(5) : 477-481.

JEER AR Bob i TR R D) ] RS IR AR S
4%, 2001, 2(4) . 18-24.

ZHOU Pei-guo, FU Da-fang. Application and development for
microelectrolysis technology [ ) ]. Technques and Equipment for
Environment Pollution Control, 2001, 2(4): 18-24.

Wang Y B, Feng M Q, Liu Y H. Treatment of dye wastewater by
continuous iron-carbon microelectrolysis[ ) ]. Environmental Engi-
neering Science, 2016, 33(5): 333-340.

JAZR, BRoR, BRAR, 4. BRAR G i b 35 R K i i BT
[J]. M4 5% Mi,2013, 32(6) : 43-45.

ZHOU Jie, CHEN He-yi, WEI Jun, et al. Experimental study on
chromium-containing wastewater by iron-carbon microelectrolys-
is[J]. Electroplating and Finishing, 2013, 32(6) : 43-45.

Chai H X, Duan S H, Zhou J, et al. Study on treatment efficien-
cy of pharmaceutical wastewater by combined iron-carbon mi-
cro-electrolysis-biological process [ C] // Bioinformatics and Bio-
medical Engineering (iCBBE), 2010 4th International Confer-
ence on. IEEE, 2010; 1-4.

SR, AU, XUAR, AL B R AL B W K b B BRI
S E[)]. AL T3R44, 2013, 33(4): 299-303.

GUO Liang, JIAO Wei-zhou, LIU You-zhi, et al. Research pro-
gresses in treatment of wastewater containing nitrobenzene com-
pounds [ J ]. Environmental Protection of Chemical Industry,
2013, 33(4): 299-303.

Wt MU, XUARE, & ORIE RS A T2 A0 B R 2
e YK LS [)] . S ReA R, 2014, 22(5) : 702-708.
GUO Liang, JIAO Wei-zhou, LIU You-zhi, et al. Treatment of
nitrobenzene-containing wastewater using different combined
processes with ozone[ ]J]. Chinese Journal of Energetic Materials
(Hanneng Cailiao) , 2014, 22(5) . 702-708.

Jiao W Z, Luo S, He Z, et al. Applications of high gravity tech-
nologies for wastewater treatment: A review[]]. Chemical Engi-
neering Journal, 2016.

R, SR, XIAR, SF. ORI BB O % -Fenton 1R
RS HEAR KK )] AL 224, 2017, 68(1) : 297-304.

YU Li-sheng, JIAO Wei-zhou, LIU You-zhi, et al. Degradation
of nitrobenzene wastewater under Fe’ /GAC-Fenton enhanced by
ultrasound[ )]. CIESC Journal, 2017, 68(1): 297-304.

Li M, Zou D L, Zou H C, et al. Degradation of nitrobenzene in
simulated wastewater by iron-carbon micro-electrolysis packing
[J]. Environmental Technology, 2011, 32(15): 1761-1766.

[12] Ying D, Peng J, Xu X, et al. Treatment of mature landfill

[13]

leachate by internal micro-electrolysis integrated with coagula-
tion: a comparative study on a novel sequencing batch reactor
based on zero valent iron[)]. Journal of Hazardous Materials,
2012, 229. 426-433.

PEAAR, BAU, XVAR, A Bk o Ak B R K ()]
6. T2 ,2015, 66(3): 1150-1155.

FENG Zhi-rong, JIAO Wei-zhou, LIU You-zhi, et al. Treatment
of nitrobenzene-containing wastewater by iron-carbon micro-e-
lectrolysis[ J]. CIESC Journal, 2015, 66(3): 1150-1155.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[14] JiaoW Z, Yu L S, LiuY Z, et al. Degradation behavior and ki-
netics of dinitrotoluene in simulated wastewater by iron-carbon
microelectrolysis[ ) ]. Desalination and Water Treatment, 2016,
57(42): 19975-19980.

ARG, B, XA, A R SR A R A Bk e A A B R
K], SEER R, 2016, 24(10): 1011-1016.

YU Li-sheng, JIAO Wei-zhou, LIU You-zhi, et al. Treatment of

nitrobenzene wastewater under iron carbon micro-electrolysis en-

[15

—

hanced by ultrasound[)]. Chinese Journal of Energetic Materials
(Hanneng Cailiao) , 2016, 24(10): 1011-1016.

(V6] Xlmitt, #hEEZR, wh3CH, . HAS ) Fey O, 1 fLid — R MR £h

Bef@ iR tE4r B[], AL T8, 2016, 35(11): 3663-3668.
LIU Li-yan, SUN Zhi-rou, YE Wen-bo, et al. Degradation of
acid red B with Fe; O, activated peroxymonosulfate with ultra-
sound irradiation [ ) ]. Chemical Industry and Engineering Pro-
gress, 2016, 35(11); 3663-3668.

[17] Jiao W Z, Qin Y J, Luo S, et al. Simultaneous formation of
nanoscale zero-valent iron and degradation of nitrobenzene in
wastewater in an impinging stream-rotating packed bed reactor
[J]. Chemical Engineering Journal, 2017, 321: 564-571.

[18] Hu S H, Yao H R, Wang K F, et al. Intensify removal of nitro-
benzene from aqueous solution using nano-zero valent iron/
granular activated carbon composite as Fenton-Like catalyst[ J].
Water Air Soil Poll, 2015, 226(5): 1.

[19] 8. BT ISR Oy /H, O, S AL B & LR Z K AT 5[ D]
ik, 2015.
[20] 2400, sKFE, Mok, 4. ma g i fe sl e Bt S ay Rzl )]

S ER S5HE, 2015, 34(8); 41-45.

LI Li, ZHANG Sai, HE Qiang, et al. Application of response sur-

face methodology in experiment design and optimization[)]. Re-

search and Exploration in Laboratory, 2015, 34(8): 41-45.
[21] Dominguez J R, Gonzalez T, Palo P, et al. Conductive-diamond
electrochemical oxidation of a pharmaceutical effluent with high
chemical oxygen demand (COD). Kinetics and optimization of
the process by response surface methodology (RSM) [J]. Envi-
ronmental Engineering & Management Journal( EEMJ) , 2016, 15
(1):27-34.
Jalilzadeh A, Nabizadeh R, Mesdaghinia A, et al. Optimization

and modelling of chemical oxygen demand removal by ANAM-

[22

[

MOX process using response surface methodology[ )]. Journal of
Chemistry, 2013.

[23] Jung J, Ko Y H, ChoiJ S, et al. Optimization of chemical clean-
ing condition for microfiltration process using response surface
methodology[ ) ]. Desalination and Water Treatment, 2016, 57
(16): 7466-7478.

[24] JiaoW Z, Yu LS, Feng Z R, et al. Optimization of nitrobenzene

[

wastewater treatment with O,/H, O, in a rotating packed bed u-
sing response surface methodology [ J]. Desalination and Water
Treatment, 2016, 57(42) . 19996-20004.

[25] Han Y, Mengyu W U, Han L I, et al. Factor screening and re-
sponse surface optimization of the treatment of dye wastewater u-
sing iron-carbon micro-electrolysis[ J]. Research of Environmen-
tal Sciences, 2016, 29(8): 1180-1186.

[26] 2548, A2 SCRATRE R FAF BRI [ M ] 2290« 220 R A
2014.
(271 A, o SCRL. Blms ok vl Mt Ak L B4 K I SR B [ ] 3R 058

Bl2: 54580, 2010, 35(4):100-101.
ZHANG Nan, HE Wen-shuang. Research on micro-electrolysis

technique in nitrobenzene wastewater treatment[ J]. Environmen-

¥
N

(XL 2018 % #2645 %241 (178-184)



184 SKRAERTE, R, S, AR

tal Science and Management, 2010, 35(4):100-101. for wastewater treatment[ J]. Environmental Science & Technolo-
[28] Sehgal C M, Wang S Y. Threshold intensities and kinetics of so- gy, 2011, 34(1): 128-131.

noreaction of thymine in aqueous solutions at low ultrasonic in- [30] 1%)‘(7[9@, BRIEZE, AP, 87 5 Ak 2k e 1l r e Ak 3 o K 3 AR R

tensities[ ) ]. Journal of the American Chemical Society, 1981, K] 4KHEAK, 2010, 36(3): 144—-147.

103(22): 6606-6611. YANG Wen-lan, CHEN Rong-rong, SONG Lin-fei. Ultrasonic
[29] xIbes, 2244k, RS, 5. Sk i o fp b B b 3% M I W B enhance micro-electrolysis process for treating pulp and paper in-

FH R HFZ )], FREERF 54K, 2011, 34(1):128-131. dustry wastewater [ ) ]. Water and Wastewater Engineering,

LIU Xiao-ran, LI Jin-hua, ZHOU Bao-xue, et al. Role of activa- 2010, 36(3): 144-147.

ted carbon adsorption in iron-carbon micro-electrolysis process

Treatment of Nitrobenzene Wastewater via Ultrasonic Enhanced Iron-carbon Micro-electrolysis with Response
Surface Methodology

ZHANG Dong-sheng'’, YU Li-sheng'*, JIAO Wei-zhou'* | LIU You-zhi'*
(1. Research Center of Shanxi Province for High Gravity Chemical Engineering and Technology, North University of China, Taiyuan 030051, China;
2. Shanxt Province Key Laboratory of Higee-Oriented Chemical Engineering, Taiyuan 030051, China)

Abstract: Aiming at whether there are interaction problem among various operating factors in the degradation of wastewater with
nitrobenzene (NB) via an ultrasonic enhanced iron-carbon micro-electrolysis method, the process conditions were optimized by
response surface methodology (RSM). In experiments, selecting 29 representative groups as the test points, taking ultrasonic (US)
power, zero valent iron (Fe’) dosage, activated carbon (GAC) dosage, initial pH value of wastewater as main factors, removal
efficiency of NB as response value, the response surface experiments of four factors and three levels were designed and the opti-
mum process conditions were obtained. The results show that there is a significant interaction between Fe” dosage and initial pH
value, and initial pH value and ultrasonic power and predicted value of the removal efficiency of NB is 98.50% when the Fe’ dos-
age is 20.7 g - L™', the GAC dosage is 13.19 g - L™', the initial pH value is 2.08, the ultrasonic power is 175.96 W. A difference
of 1.23% (<2%) is observed with the measured value. Therefore, the obtained secondary mathematical model for the degradation
of NB via ultrasonic enhanced iron-carbon micro-electrolysis has a good reliability for the optimization of process conditions and
the prediction of removal efficiency of NB.

Key words: ultrasonic; iron-carbon microelectrolysis; nitrobenzene; wastewater; response surface methodology
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